Boron-doped silicon epitaxial layers were grown by ultrahigh vacuum electron cyclotron resonance chemical vapor deposition at 440-510°C. Reflection high-energy electron diffraction and transmission electron microscopy ͑TEM͒ were used to study the effect of boron doping on the crystalline quality of silicon epitaxial layers. At growth conditions where undoped defect-free Si epitaxial layers were successfully obtained at 440°C, in situ boron-doped epitaxial layers were replete with twins. However, at conditions with increased ion energy flux and at a higher temperature, 470°C, no twins were observed. TEM analysis revealed the presence of an amorphous phase in the twinned epitaxial layers. It is believed that the amorphous phase formation, presumably from the reaction between B and O during the doping process, appeared to hinder the growth of the epitaxial layer, leading to degradation of the Si crystalline quality. Defect-free boron-doped Si epitaxial layers were able to be obtained by suppressing the amorphous phase formation at conditions with increased growth temperature and higher ion energy flux.
I. INTRODUCTION
For the fabrication of next generation high-speed and high-density bipolar transistor and metal-oxidesemiconductor field-effect transistors, the formation of shallow junction and abrupt doping profiles is a prerequisite. Since conventional ion implantation or diffusion processes are not suitable for these applications due to the subsequent thermal budget requirements, alternative techniques for low temperature in situ doping of silicon epilayers have been explored. Successful low temperature in situ boron-doped silicon epitaxial layer growth was reported by ultrahigh vacuum chemical vapor deposition ͑UHV/CVD͒, 1 plasma enhanced CVD ͑PECVD͒, 2 photo-CVD, 3 remote plasma enhanced CVD ͑RPCVD͒, 4 UHV electron cyclotron resonance CVD ͑UHV-ECRCVD͒, 5 and gas-source molecular-beam epitaxy ͑GSMBE͒. 6 Although it was reported that the crystalline quality degraded when dopants were introduced, the reason for the degradation was not fully examined in detail. 3, 4, 7 In this article, we propose a mechanism for the crystalline quality degradation of in situ boron-doped Si epitaxial layers grown by UHV-ECRCVD. Growth parameters such as temperature and ion energy flux were systematically varied, and the crystalline quality of epitaxial layers was examined by transmission electron microscopy ͑TEM͒. A boron-containing amorphous phase was observed at the interface, impeding the formation of defect-free epitaxial layers. At adjusted conditions with a suppressed amorphous phase, defect-free borondoped silicon epitaxial layers were successfully obtained.
II. EXPERIMENTS
The UHV-ECRCVD system used in this study is reported in detail elsewhere. 8 The system basically consists of three parts: a loadlock, a main chamber for in situ hydrogen plasma cleaning and growth, and an ECR source for plasma generation. The base pressure of the main chamber is 1 ϫ10 Ϫ9 Torr. The wafer temperature was calibrated by infrared laser interferometric thermometry. 9 Pd-purified H 2 was introduced to the main chamber through an ECR cavity, and 99.999% SiH 4 and 220 ppm B 2 H 6 /H 2 were introduced through a gas dispersal ring located between the substrate and the ECR cavity. The energy and flux of the incident ions can be controlled by changing microwave power, magnet current, and substrate dc bias. 8 Si ͑100͒ wafers ͑10 cm in diameter, n type, phosphorus doped, resistivity 15Ϯ5 ⍀ cm͒ were cleaned with a 4:1 H 2 SO 4 :H 2 O 2 solution for 10 min, rinsed with de-ionized water for 6 min, and subsequently dipped into a 10:1 HF solution for 35 s to remove the native oxide layer on the surface. They were finally blown dry with N 2 before being loaded into the main chamber. They were baked at a growth temperature ͑440-510°C͒ for 120 min, and cleaned in situ by a hydrogen plasma to remove the residual native oxide and hydrocarbons for 20 min at a microwave power of 100 W, magnetic current of 50 A, substrate dc bias of ϩ10 V, and total pressure of 2 mTorr. Subsequently, in situ boron-doped epitaxial layers were grown with the introduction of SiH 4 and B 2 H 6 through the gas dispersal ring. The crystalline quality of the epitaxial layers was examined by in situ reflection high-energy electron diffraction ͑RHEED͒ and TEM.
III. RESULTS AND DISCUSSION
Defect-free undoped Si epitaxial layers were obtained at 440°C by UHV-ECRCVD. Growth was performed at a mi- When the substrate temperature was increased to 470°C, while keeping the other conditions constant, the RHEED pattern became streaky, as shown in Fig. 1͑b͒ . However, the XTEM photograph of the sample, shown in Fig. 3͑a͒ , showed that the epitaxial layer had a large number of stacking faults and threading dislocations originating from the interface. When the ion energy flux was increased by increasing the microwave power from 50 to 100 W, a defect-free epitaxial layer was obtained, as shown in Fig. 3͑b͒ . The interface between the epitaxial layer and the substrate was visible by XTEM since there was a 10 min growth interruption for the RHEED observation of the in situ hydrogen plasmacleaned Si surface. No interface was observed, however, at optimized growth conditions without growth interruption.
The substrate dc bias could be also tuned to obtain dislocation-free boron-doped epitaxial layers. At growth conditions of substrate temperature of 510°C and microwave power of 50 W, threading dislocations were observed from the sample grown at ϩ100 V substrate dc bias, whereas none were observed at ϩ30 V substrate dc bias ͑Fig. 4͒. The decrease in substrate dc bias from ϩ100 to ϩ30 V was believed to affect the potential distribution in the plasma. It resulted in the increase in ion energy flux incident on the substrate, 8 thereby improving the crystalline quality of the epitaxial layers.
In this study, crystalline defect formation with boron doping was affected by growth parameters such as growth temperature, microwave power, and substrate dc bias. However, the effect of boron doping on crystalline defect formation seems to depend on the growth technique. Various growth techniques and their results are summarized as in Table I . Meyerson et al. reported the successful in situ boron doping up to about 1ϫ10 20 /cm 3 at 550°C by UHV/CVD, far exceeding the equilibrium solid solubility limit but without the formation of precipitates. 1 Comfort and Reif reported that there were no changes in surface morphology with boron doping at 700-800°C by very low pressure CVD ͑VLPCVD͒.
2 Formation of crystalline defects was not reported for those samples. On the other hand, Yamazaki et al. observed defect formation in boron-doped silicon epitaxial layers at 600-650°C, however, no defects were observed with ultraviolet ͑UV͒ radiation during CVD growth. 3 Irby et al. observed a haze on the surface of the boron-doped epitaxial layers grown by the RPCVD at 450°C. The haze was caused by the surface defects shaped like inverted cones composed of amorphous Si. It is now necessary to closely examine the differences in growth techniques to understand these contradictory results. The boron itself can adsorb on the silicon surface, and can impede the surface mobility of silicon adatoms, resulting in degradation of crystalline quality. If excessive boron atoms are present at the surface, an amorphous boron phase may form. Alternatively, the surface boron may react with other impurities such as oxygen and carbon to form an amorphous phase.
Let us suppose that the crystalline degradation with boron doping is caused by the boron adsorbed at the silicon surface. Then, an increase in substrate temperature will improve the crystalline quality since the amount of detrimental surface boron is decreased or the surface mobility of silicon adatoms is increased. However, no defect formation was reported using UHV/CVD at 550°C, while defect formation was reported using photo-CVD at 600°C. Thus, the adsorbed boron alone cannot explain the observed results. The second possible reason is the amorphous boron formation. However, it was reported that it formed from the decomposition of B 2 H 6 on the silicon surface at temperatures higher than 600°C
. 10 This implies that the amorphous phase observed in this study and in RPCVD 4 may not be caused by the amorphous boron since the growth temperatures used were lower than 600°C.
Since boron is known to be a strong oxide former, it is highly likely that boron will react with available oxygen. It was reported that B-O bonding was stable at temperatures lower than 500°C, but at temperatures over 500°C it decomposed and Si-O bonding was observed instead. 11, 12 This Si-O bonding could be eliminated by forming volatile SiO if either the silicon flux or the substrate temperature were increased in the molecular beam epitaxy. The source of oxygen contamination was B 2 O 3 , a boron source, in this case. Silicon layers with high oxygen contents were obtained at low temperatures since boron tended to getter oxygen. A similar increase in unintentional oxygen concentration in Si with boron doping was also observed in this study, as measured by secondary ion mass spectrometry ͑SIMS͒.
In a CVD environment, on the other hand, where B 2 H 6 is used as a dopant source instead of B 2 O 3 , the oxygen contamination is mostly likely to come from the residual oxygen or water vapor in the chamber or from the source gases. In a PECVD environment, additional oxygen may come from the erosion of quartz components at the plasma source. In VLPCVD, the base pressure was in the high vacuum range, and the oxygen partial pressure might have been relatively higher than that of MBE, and it was likely that the boron oxide could have been formed. However, the surface morphology was not degraded since the growth temperature was 700°C, i.e., high enough for the suppression of B-containing oxide formation.
2
In photo-CVD with similar background pressure, crystalline degradation was observed at 600°C. On the other hand, no such degradation was observed with UV irradiation. The UV irradiation could increase surface adatom mobility or effectively lower the B-O concentration. 3 In UHV/CVD, the base pressure was in the UHV region and the growth temperature was 550°C. It is not surprising that no defect was observed by UHV/CVD. 1 In RPCVD, the growth temperature ͑450°C͒ was so low that it might be impossible to suppress boron oxide formation, although its base pressure was in the ultrahigh vacuum range. 4 It is presumed that the oxygen contamination from the source gases or from the quartz column was responsible for the boron oxide formation.
In UHV-ECRCVD, the growth temperature was as low as 440°C, and its base pressure was similar to that of RPCVD. Similar amorphous phase formation was observed, presumably from the reaction of boron with ambient oxygen. An increase in ion energy flux by increasing the plasma power or substrate dc bias helped to decompose the B-O bonding, increasing silicon surface mobility, and hence improving the crystallinity of epitaxial layer, as is confirmed in Fig. 3͑b͒ or 4͑b͒.
IV. CONCLUSIONS
In situ boron-doped Si epitaxial layers were grown at 440-510°C by UHV-ECRCVD. It was observed that the crystalline quality degraded from boron doping. However, an increase in growth temperature and ion energy flux led to improvement in the crystallinity. It is concluded that the amorphous boron oxide formation at low temperatures was responsible for the defect formation. An increase in substrate temperature and ion energy flux could effectively lower the amount of surface boron oxide, leading to defect-free in situ boron-doped Si epitaxial layers using UHV-ECRCVD. 
